Ferroresonance is a complex nonlinear electrical phenomenon that can cause dielectric and thermal problems for electrical equipment. Electrical systems with ferroresonant behavior are nonlinear dynamical systems. The ferroresonance phenomenon may take place when the core of an inductive device becomes saturated, and its current flux characteristic becomes nonlinear. While in the case of a linear resonant circuit the resonance frequency is well defined, in the case of a nonlinear circuit, the oscillations may exist at various frequencies, depending on many factors of the particular case. In this paper, ferroresonance phenomenon and its mitigation techniques in 33 kV/110 V voltage transformers (VT) were studied using ATP-EMTP simulation. Initial investigations were carried out for the VT failures occurred at one substation in Malaysia. Physical and burn characteristics of the failed VTs were studied. Simulation results show that ferroresonance cannot be proven to have occurred at the VT due to switching operations since one precondition, namely the critical capacitance, could not have been satisfied. However, in the event of a ferroresonance occurring, several mitigation techniques such as using load resistors, proper grounding sequence, reconfiguration of VT connection, and overcurrent and overvoltage protection can be implemented.
1.0 INTRODUCTION
Ferroresonance is a complex nonlinear electrical phenomenon that can cause dielectric and thermal problems for electric power equipment. The term 'ferroresonance' has appeared in publications dating as far back as the 1920s, and it refers to all oscillating phenomena occurring in an electrical circuit which contains a nonlinear inductor, a capacitor, and a voltage source [1] [2] [3] .
Ferroresonance does not occur customarily or predictably in response to a precise stimulus, hence it is troublesome to analyse it. The stable steady state responses are not unique in these systems, which means more than one response can come from the same initial circuit parameters.
The system can jump to an unexpected nonlinear state from normal steady state conditions in reaction to a transient voltage, phase to ground fault, energization or deenergization of the equipment, induced overvoltages of lightning, or any other rapid changes. This circumstance can impose severe harmonic distortion and high (several per unit) overvoltages on the system, which can seriously damage power system equipment [3, 4] . The ferroresonance phenomenon may take place when the core of an inductive device becomes saturated, and its current flux characteristic becomes nonlinear. While in the case of a linear resonant circuit the resonance frequency is well defined, in the case of a nonlinear circuit, the oscillations may exist at various frequencies, depending on many factors of the particular case. Customary linear mathematics has problems construing ferroresonance phenomena, so it is not fully appropriate for the study of ferroresonance [1, [5] [6] [7] .
The largest electricity utility company in Malaysia, TNB (Tenaga Nasional Berhad), has had several failures of 33 kV voltage transformers (VT) in its distribution system. This paper aims to determine whether the cause of the failures is due to a ferroresonance effect. The simulation work also proposes several mitigation techniques that can be applied to reduce or eliminate the ferroresonance effect.
2.0 TECHNICAL BACKGROUND OF FERRORESONANCE
In power system applications, ferroresonance is commonly linked to an oscillating phenomenon having a nonlinear inductor, a capacitor, and a voltage source, and resulting in highly distorted overvoltages and overcurrents. The first step in understanding the ferroresonance phenomenon is to grasp the concept of resonance, which can be explained by using a simple RLC circuit as shown in Figure 1 . The current, as seen in Equation 3 , depends on the resistance R. The condition in Equation 3 happens only when ferroresonance occurs. If this resistance is small, then the current can become very large in the RLC circuit. The size of this current during resonance can be predicted by Equation 3 . If the inductor in Figure 1 is replaced by an iron core nonlinear inductor, the exact values of the voltage and current cannot be predicted as they could be in a linear model. Equation 3 will not indicate the size of the current produced [4] [5] [6] .
As the current is increased, so does the magnetic flux density until a certain point where the slope is no longer linear, and an increase in current leads to modest increases in magnetic flux density. This point is called the saturation point. Figure 2 shows the relationship between the magnetic flux density and the current.
As the current increases in a ferromagnetic coil past the saturation point, the inductance of the coil changes very quickly. This allows the current to take on dangerously high values. It is these high currents which make ferroresonance cause damage to the equipment. Most transformers have cores made of ferromagnetic material. This is why ferroresonance is a concern for transformer operation [3] [4] [5] [6] .
When ferroresonance occurs it can be identified by certain distinct characteristics. In ferroresonance phenomena, the steel core is driven into the saturation point, leading to an audible noise. As the core goes into a high flux density, magnetostriction forces cause a movement in the core laminations. This sound is different than the normal hum murmuring sound, a constant droning sound, of a transformer in normal operation. Ferroresonance can cause high over-voltages and currents. It can cause irreparable damage to both the primary and secondary circuits of a transformer. The heating caused by the over-currents may cause permanent damage to the transformer insulation. Even worse, the transformer could fail completely. As is obvious from Figure 3 , the junction between the inductive reactance (XL) line and the capacitive reactance (XC) line produces the current in the circuit and the voltage across the inductor, VL. At resonance, these two lines become parallel, yielding solutions of infinite voltage and current (assuming a lossless element). When XL is no longer linear, such as with a saturable inductor, the XL reactance can no longer be represented by a straight line. The graphical solution is now as shown in Figure  4 . Ferroresonance occurs because the inductance in the circuit is ferromagnetic; meaning that it has a core made of a ferromagnetic material, usually iron. A transformer is an excellent example of a ferromagnetic inductance [4] [5] [6] [7] [8] [9] . In the ordinary power system situation, the ferroresonance phenomena take place when a transformer becomes isolated on a cable part in such a manner that the cable capacitance appears to be in series with the magnetizing characteristic of the transformer. For short lengths of cable, the capacitance is very small and there is one solution in the third quadrant at relatively low voltage levels. As the capacitance increases, the solution point creeps up the saturation curve in the third quadrant until the voltage across the capacitor is well above normal. These operating points may be relatively stable, depending on the nature of the transient events that precipitated the ferroresonance.
Power System Ferroresonance
The following four things are necessary for ferroresonance to occur. First, a sinusoidal voltage source is needed, for which a power system generator will do quite nicely. Secondly, ferromagnetic inductances, these can be power transformers or voltage transformers. The third one is capacitance: this can come from installed power system capacitors, the capacitance to ground of transmission lines, the large capacitance of an underground cable, or the capacitance to ground of an ungrounded system. Finally low resistance: this can be a lightly loaded power system, (an unloaded transformer for example), a low short circuit power source, or low circuit losses [7] [8] [9] [10] .
3.0 FERRORESONANCE MODELING
The investigation was specifically carried out for the VT failure at PMU Kota Kemuning in Malaysia. The Electromagnetic Transients Program (EMTP) was used to simulate this real system. Figure 5 shows the simplified single line diagram for the 132/33 kV PMU Kota Kemuning (substation in Selangor, Malaysia). At 00:45 hour, PMU Kota Kemunin 3T0 reported a trip resulting from the explosion of a 33 kV, VT red phase. The equipment details are shown in Table 1 . The fault had also caused the tripping of another 33 kV 2000A D/B VCB 3TO [3] [4] [5] .
The sequence of events during the time of the VT failure was also recorded by a TNB event recorder and the substation alarm monitoring system (SAMS). The 132 KV incoming circuit-breaker (310) is seen to have opened at 00:49:35 due to the faulty VT. It was also reported that there were cracks on the VT, and that parts of it had chipped off. All three VT fuses had open-circuited and the screw cap contact surface with the termination bars was badly pitted. The rear covers and support channels were damaged from the buildup of pressure caused within the panel.
Modelling of Magnetic Core Characteristics
EMTP is a computer simulation program specially designed to study transient phenomena in a power system. It contains a large variety of detailed power equipment models or builds in setups that simplify the tedious work of creating a system representation. Generally, this simulation software can be used in the design of an electrical system or in detecting or predicting an operating problem of a power system. ATP-EMTP is used in this simulation process to observe the electrical response of the transmission system. ATP-EMTP software includes two kinds of nonlinear components: type 93 is a true nonlinear model, and the other type includes two pseudo-nonlinear models called type 96 and type 98.
The nonlinearity of the element is clearly delineated as a nonlinear function in the true nonlinear model, such as the flux as a function of the current. The software, using the Newton-Raphson method, solves a combination of nonlinear equations and an appropriate system equivalent at each time step. In the pseudononlinear models, the nonlinearity is modeled as a number of piecewise linear segments. This method converts the segment slopes into a Norton equivalent with a resistor in parallel with an appropriate current source [6] [7] [8] [9] [10] [11] .In this paper, the true nonlinear model type 93 was used to represent the magnetic core characteristics of the voltage transformer. The magnetization curve data is given in Table  2 .
The value of current versus voltage was obtained at the secondary side of the voltage transformer. The current versus voltage values for the primary side were calculated by applying the turn ratio factor. Table 3 shows the calculated rms and p.u (per unit) values for the primary side of the voltage transformer.
Reduced Equivalent Ferroresonant Circuit
The ferroresonance condition can be simulated provided all three preconditions discussed earlier are satisfied. The system arrangement for 3T0 VT shown in Figure 5 can be effectively reduced to an equivalent ferroresonant circuit as shown in Figure6. The sinusoidal supply voltage (e) is coupled to the VT through a series capacitor CSERIES .The VT's high voltage winding shunt capacitance to ground can greatly contribute to the value of CSHUNT.
The resistor R is basically made up of the VT's equivalent magnetizing branch resistance (coreless resistance). The nonlinear inductor is represented by a nonlinear flux linkage versus current curve in Figure 6 . Figure 7 shows the simulated circuit in ATP. The switch can represent the circuit breaker or the 'disconnection' of the fuse due to its operation. After the circuit breaker or the fuse opens, it is proposed that the supply voltage can still be coupled to the VT through equivalent series capacitance, CSERIES.
The voltage transformer was modeled as a nonlinear inductor type 93 in parallel with a resistance in the magnetizing branch (Rc). The circuit opening is represented by a time controlled switch.
The values of all the circuit components in Figure 7 were determined based on the actual parameters, as far as possible. The following values in Table 4 were obtained from measurements made on the VT. 
4.0 SIMULATION RESULTS

Simulation of Capacitance Precondition (Effect of Changing )
In this section, the effect of changing the values of the series capacitors is considered. The purpose of this series of simulations is to determine the range of series capacitance values within which the ferroresonance is likely to occur. If the range of values required for the ferroresonance's occurring are within a realistic range, for example, the series capacitance represented by the open circuited fuse can be tested from the physical dimensions, and then ferroresonance may occur under such a configuration. The simulation was carried out with a fixed value of the shunt capacitor (CSHUNT) at 97.4 pF and the value of the resistance in the magnetizing branch (RC) at 16.9 MΩ. The circuit was supplied by an AC source, peak voltage 26.94 kV, with 50 Hz frequency. The time controlled switch was closed at 0 sec and disconnected after 0.25 sec. Table 5 shows the effect of varying the series capacitor values. The peak voltage and the peak current at the VT were recorded U Rc VIN TR IOUT Cseries Cshunt VS before and after the switch were operated. The time from 0 sec until 0.25 sec was considered as the before switch opening, and the remaining time was considered to be after the switch opening. Figure 8 shows the output waveforms for a 50 pF series capacitor where ferroresonance has not occurred. Figure 9 displays the output waveforms for a 1500 pF series capacitor value where ferroresonance has occurred. 
This simulation was carried out with a fixed series capacitor (CSERIES) at 50 pF and the value of the resistance in the magnetizing branch (RC) at 16.9 MΩ. The circuit was supplied by an AC source, peak voltage 26.94 kV, with 50 Hz frequency. The time controlled switch was closed at 0 sec and disconnected after 0.25 sec. Table 6 shows the effect of changing the shunt capacitor. The output waveform for a 40 pF shunt capacitor where ferroresonance has occurred is illustrated in Figure 10 . Figure 11 shows the output waveforms for a 400 pF shunt capacitor value where ferroresonance has not occurred. It is clear from Table 6 that the shunt capacitor must be over 320 pF to prevent the occurrence of ferroresonance.
When ferroresonance happens, the peak voltage and the peak current increase too much compared with before ferroresonance. There is sufficient energy dissipation through power system loads and losses to dampen ferroresonance. However, in lightly loaded systems (e.g., rural distribution feeders), the possibility of ferroresonance is greater.
The occurrence of ferroresonance is usually marked by large overvoltages and overcurrents with highly distorted waveforms which can pose significant safety hazards and cause irreparable damage to equipment. Therefore, mitigation techniques were used here to neutralize the ferroresonance [10, 11] .
5.0 MITIGATION TECHNIQUES
Much research has been done to find ferroresonance mitigation methods. In this section, a number of ferroresonance mitigation techniques have been analyzed. Simulations have been carried out to observe the effects of the suggested techniques on the occurrence of ferroresonance.
Application of Load Resistance
Resistors can be connected at the secondary side of the voltage transformer to prevent or interrupt ferroresonance. This is a quite well known method of preventing ferroresonance, in which the resistor acts as a damping element to the resonant phenomenon. Figure 12 shows the simulation circuit with a loading resistance at the voltage transformer secondary.
The simulated output waveforms, which would otherwise resonate in the absence of the load resistor, are clear in Figure 13 . A load resistance value of 10 Ω was used for an example for getting the system behavior. It was observed that any load resistor value from 10 Ω to 100 Ω can be used to prevent ferroresonance. For the current configuration, the use of a higher value of load resistor cannot prevent ferroresonance from occurring.
Application of Linear Elements to the Primary
Linear components such as resistors or inductors can be connected to the voltage transformer primary to prevent or interrupt the ferroresonance phenomenon. A simulation was carried out by placing linear components in parallel with the VT model. It was observed that placing the linear component in series to the voltage transformer model helps in preventing ferroresonance.
Resistor
A resistor was placed in parallel to the voltage transformer in Figure 14 . The analysis was carried out using smaller and larger values for the resistor. Table 7 summarizes the results, from which it can be concluded that connecting a resistor parallel to the voltage transformer can mitigate ferroresonance.
After connecting different resistors to the VT, the peak voltage dramatically decreases from about 26 kV to around 4 kV when using 1 MΩ and from 26 kV to less than 0.1 kV after connecting a 100 Ω resistor in parallel to the VT.
Inductor
An inductance was placed in parallel to the voltage transformer in Figure 15 . Table 8 summarizes the results, from which it is clear that connecting an inductor in parallel to the voltage transformer can stop the ferroresonance. 
6.0 DISCUSSION
Ferroresonance has been shown to be the result of specific circuit conditions, and can be induced predictably in the laboratory. Power system ferroresonance can lead to very dangerous and damaging overvoltages, but the condition can be mitigated or avoided by careful system design. Ferroresonance is triggered by system disturbances such as overvoltages due to lightning or switching surges, voltage transients, supply frequency variations, etc.
For the Kota Kemuning PMU in Malaysia, there was no record of lightning strikes nearby (from TNB Research lightning locating system data), nor were there reports of voltage transients immediately prior to the concerned VT failure. However, complete data for the system disturbances is not available and hence the possibility of ferroresonance occurring due to it cannot be totally eliminated.
Ferroresonant behavior typically consists of overvoltages and overcurrents whose waveforms are highly distorted, and which can last for seconds or tens of seconds. Based on the nature of ferroresonance failure, VTs may fail within a very short period of time. However, based on the remote event recorder and maintenance log at the PMU, there was no record of any switching activity immediately prior to the VT failure event. Nevertheless, there were records of outages and/or maintenance carried out at the PMU which involved the concerned VT directly ever since the VT was commissioned.
7.0 CONCLUSION
From the present study it can be concluded that a CSERIES of 500-1000 pF is required. However, the closest series capacitance made by the intercable capacitance is on the order of a few picofarads (estimated) and that made by the open circuited fuse is 0.03 pF (estimated). It can be concluded that there is no possibility of a CSERIES of at least 500 pF through any means. Hence, it can be concluded that ferroresonance cannot be shown to have occurred at the VT due to switching operations since one precondition, namely the critical capacitance, could not have been satisfied.
Based on the simulation study, the following recommendations are made:
1. Installing load resistors on the secondary of the VT to damp out any ferroresonating condition. 2. Earth/ground the VT as soon as possible to avoid any ferroresonance from occurring during all switching operations. 3. Reconfigure the VT connection to a Delta-Y connection. 4. Provide overcurrent (fuse rating to be reviewed) and overvoltage protections (such as surge arresters) for the 33 kV VTs. 5. Consider the other causes of VT failure, such as harmonics and high excitation/magnetizing currents in the VT as well as the power transformers. A possible cause of winding fault due to overcurrent could be the presence of harmonics in the system. This could either be due to the overall supply system's having a high harmonic content, or to the failed VT's being continuously operated beyond the linear section of its V-I characteristic. When this happens, the VT will behave like a nonlinear load. When magnetic saturation is reached the inductive reactance will decrease, resulting in highpeaked current to flow in the windings. Continuous operation in this high current condition may result in gradual weakening of the insulation level of the windings until failure eventually occurs.
